ABSTRACT Arl13b belongs to the ADP-ribosylation factor family within the Ras superfamily of regulatory GTPases. Mutations in Arl13b cause Joubert syndrome, which is characterized by congenital cerebellar ataxia, hypotonia, oculomotor apraxia, and mental retardation. Arl13b is highly enriched in cilia and is required for ciliogenesis in multiple organs. Nevertheless, the precise role of Arl13b remains elusive. Here we report that the exocyst subunits Sec8, Exo70, and Sec5 bind preferentially to the GTP-bound form of Arl13b, consistent with the exocyst being an effector of Arl13b. Moreover, we show that Arl13b binds directly to Sec8 and Sec5. In zebrafish, depletion of arl13b or the exocyst subunit sec10 causes phenotypes characteristic of defective cilia, such as curly tail up, edema, and abnormal pronephric kidney development. We explored this further and found a synergistic genetic interaction between arl13b and sec10 morphants in cilia-dependent phenotypes. Through conditional deletion of Arl13b or Sec10 in mice, we found kidney cysts and decreased ciliogenesis in cells surrounding the cysts. Moreover, we observed a decrease in Arl13b expression in the kidneys from Sec10 conditional knockout mice. Taken together, our results indicate that Arl13b and the exocyst function together in the same pathway leading to functional cilia.
Exo84, was found recently in a family with the classical form of Joubert syndrome (Dixon-Salazar et al., 2012) , raising the possibility that Arl13b and the exocyst function in the same pathway.
Here, we provide biochemical and genetic evidence, the latter from both mouse and zebrafish, supporting functional interactions between Arl13b and the exocyst complex. Specifically, we show that Arl13b interacts with the exocyst via the Sec8 and Sec5 subunits when in its active GTP-bound form, suggesting that the exocyst is an effector of Arl13b. We also find that, in zebrafish, arl13b and sec10 display a synergistic genetic interaction in several cilia-dependent phenotypes. Moreover, we show that the conditional deletion of Arl13b or Sec10 in mice leads to cystic kidneys and decreased ciliogenesis in kidney epithelia, further suggesting a functional linkage between this small G protein and the exocyst complex.
RESULTS

Arl13b interacts with the exocyst complex
Mutations in EXOC8 or ARL13B lead to Joubert syndrome in human families (Cantagrel et al., 2008; Dixon-Salazar et al., 2012) , suggesting a link between the exocyst and Arl13b. Therefore, we investigated whether the exocyst complex physically interacts with Arl13b. To this end, we immunoprecipitated protein extracts of mouse inner medullary collecting duct (IMCD3) cells with a rabbit antibody raised against Arl13b (Barral et al., 2012) and probed for the presence of the Sec8 subunit of the exocyst. Because small G proteins preferentially bind their effectors when in the GTP-bound, active state, we incubated protein extracts with GTPγS, a nonhydrolyzable form of GTP, before performing the immunoprecipitations. For comparison, we used samples preincubated with GDP. We found that preincubation with GTPγS dramatically increases the coimmunoprecipitation of Sec8 with Arl13b compared with the GDP control ( Figure 1A ). In the case of immunoprecipitation with an irrelevant rabbit immunoglobulin G (IgG) antibody, we observed a fainter band for Sec8, likely caused by Sec8 binding nonspecifically to the beads in our immunoprecipitations ( Figure 1A ). The finding that Sec8 coimmunoprecipitates with Arl13b in a GTPγS-sensitive manner is consistent with an interaction between Arl13b and Sec8.
To investigate whether Arl13b coimmunoprecipitates with other subunits of the exocyst complex, we immunoblotted for the Exo70 and Sec5 subunits after immunoprecipitating Arl13b in ciliated IMCD3 cell extracts. We found that both Sec5 and Exo70 coimmunoprecipitate with Arl13b, suggesting that Arl13b may interact with the entire exocyst complex ( Figure 1B ). We also tested for the interaction between Arl13b and exocyst subunits in another ciliated cell type, NIH-3T3 mouse embryonic fibroblasts, and were able to confirm that Sec8, Exo70, and Sec5 exhibit a GTP-dependent interaction with Arl13b ( Figure 1C ). Furthermore, we immunoprecipitated Arl13b from nonciliated HeLa cells and found that Sec8 and Sec5 are also enriched in the precipitates in a GTPγS-sensitive manner, indicating that the interaction is conserved and not dependent upon the presence of cilia (Supplemental Figure S1 ). Of note, although we consistently observed these exocyst subunits to be specifically immunoprecipitated with antibodies to Arl13b and preferentially after incubation with GTPγS, there were differences in the extent of the coprecipitations and sensitivities to GTPγS. These may result from partial dissociation of one or more subunits during coprecipitation or the presence in cells of some subunits that are not fully assembled into the exocyst complex.
We also used the reverse strategy, that is, we immunoprecipitated Sec8 from total cell lysates of ciliated IMCD3 cells in the presence of GTPγS or GDP and detected Arl13b by immunoblotting, confirming the GTPγS-dependent interaction between these two homeostasis in adulthood. Indeed, defects in this organelle lead to several human diseases collectively known as ciliopathies (Badano et al., 2006) .
Several small G proteins within the Ras superfamily are implicated in primary cilia assembly, particularly in the regulation of ciliary cargo traffic. These include members of the Rab and ADP-ribosylation factor (Arf) families, which regulate all steps of vesicular trafficking, including vesicle formation and transport, as well as tethering/docking and fusion with acceptor compartments (Das and Guo, 2011; Donaldson and Jackson, 2011) . Small G proteins function as molecular switches, alternating between GDP-and GTP-bound states. When GTP bound, they are considered active and can bind to effectors that mediate a variety of downstream functions.
Ciliary proteins are synthesized in the cytosol and then trafficked from intracellular compartments to primary cilia via membrane traffic pathways. One of the pathways postulated relies on endocytic recycling (Nachury et al., 2010) . Indeed, Rab17 and Rab11 are believed to regulate cargo traffic from the endocytic recycling compartment (ERC) to the primary cilium (Yoshimura et al., 2007; Westlake et al., 2011) . In addition, several Arf family members, including Arl3, Arl6, and Arl13b, are associated with the primary cilium (Li et al., 2012) . When mutated, Arl6 causes BardetBiedl syndrome (BBS), a ciliopathy characterized by retinal dystrophy, renal dysfunction, obesity, and polydactyly, among other defects (Blacque and Leroux, 2006) . Moreover, Arl6 is proposed to regulate ciliary cargo traffic by recruiting a multisubunit complex, termed the BBSome, to the base of the cilium (Li et al., 2012) .
ARL13B is mutated in families affected by the classical form of Joubert syndrome (Cantagrel et al., 2008; Thomas et al., 2014) . This ciliopathy is characterized by congenital cerebellar ataxia, hypotonia, oculomotor apraxia, and mental retardation, as well as a distinctive neurological imaging feature known as the "molar tooth sign" (Romani et al., 2013) . Zebrafish arl13b mutants (also known as scorpion [sco] ) display pronephric cysts and abnormal cilia formation in multiple organs (Sun et al., 2004; Duldulao et al., 2009) , and mouse Arl13b-null (also known as hennin [hnn] ) mutant embryos exhibit perturbed ciliogenesis and Sonic hedgehog (Shh) signaling (Caspary et al., 2007) . Although Arl13b is highly enriched in the ciliary membrane, the mechanism by which Arl13b regulates ciliogenesis remains unclear (Larkins et al., 2011; Li et al., 2012) . Moreover, we showed that Arl13b regulates the trafficking of cargo endocytosed independently of clathrin through the ERC (Barral et al., 2012) , but the link between this function and the role of Arl13b in cilia biogenesis, if any, has yet to be established.
On the other hand, ciliogenesis and proper localization of ciliary proteins, such as polycystin-2, are known to be regulated by proteins of the exocyst complex (Zuo et al., 2009; Fogelgren et al., 2011) . Originally characterized in yeast as a complex of eight subunits (Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84), the exocyst is involved in the tethering/docking of vesicles from the trans-Golgi network (TGN) and the ERC to acceptor compartments (He and Guo, 2009 ). The exocyst complex is an effector of Rab11, an ERC marker , and Sec4, which is homologous to mammalian Rab8 (Guo et al., 1999) . In addition, the exocyst subunit Sec10 is a downstream effector of Arf6, which recruits the exocyst from the ERC to the plasma membrane to promote membrane recycling toward specialized membrane regions (Prigent et al., 2003) . Depletion of the exocyst leads to abnormal cystogenesis in three-dimensional cell culture (Zuo et al., 2009) , and overexpression of the exocyst subunit Sec15 leads to the clustering of ERC-derived vesicles and impairs the formation of primary cilia (Feng et al., 2012) . Of importance, a mutation in EXOC8, encoding the exocyst subunit Arl13b is likely direct (Figure 2B, asterisk) . By immunoblotting with anti-Sec8 antibody, we were able to distinguish the immunoprecipitated in vitro-translated Sec8-Myc from the endogenous Sec8 present in the rabbit reticulocyte ( Figure 2B ). As a negative control, we performed the immunoprecipitation with an irrelevant IgG. In this case, we detected a faint band by immunoblotting with anti-Myc that most likely corresponds to Sec8-Myc bound nonspecifically to the beads. We also performed an immunoprecipitation with anti-FLAG antibody using as input a mixture of in vitro-translated Arl13b-FLAG with a TNT reaction in which no DNA was added as template. As expected, we detected no band by immunoblotting with antiMyc antibody. Thus, our data support a direct interaction between Arl13b and Sec8.
Using the same approach, we extended our analysis to other exocyst subunits, namely Sec3, Sec5, Sec15, and Exo70. These proteins were also produced in vitro ( Figure 2C ) and, as previously described for Sec8, were mixed with Arl13b-FLAG in the presence of GTPγS and subjected to immunoprecipitation with anti-FLAG and immunoblotting with anti-Myc. As a positive control, we performed a reaction with Sec8-Myc. Surprisingly, we found that Sec5-Myc can also interact directly with Arl13b-FLAG ( Figure 2D ). The lack of evidence for direct binding between Arl13b and Sec3 or Exo70 in proteins ( Figure 1D ). Taken together, these findings strongly suggest that Arl13b and the exocyst interact and that this interaction is enhanced by the presence of GTPγS, consistent with the exocyst being an effector of Arl13b.
Arl13b interacts directly with Sec8 and Sec5
We next asked with which subunit(s) Arl13b interacts directly. For this, we translated Sec8-Myc and Arl13b-FLAG separately in vitro by a transcription and translation (TNT) T7 polymerase-coupled reticulocyte lysate system, using plasmids encoding the tagged proteins as templates. The fidelity of this system to generate the tagged proteins in vitro was confirmed by immunoblotting ( Figure 2A ). We found that rabbit reticulocytes have endogenous Sec8 that can be distinguished from the in vitro-translated Sec8 by immunoblotting with anti-Sec8 and anti-Myc antibodies (Figure 2A ). The in vitrotranslated proteins were then mixed and incubated in the presence of GTPγS. Immunoprecipitation was performed with anti-FLAG monoclonal antibody, and the immunoprecipitated products were analyzed by immunoblot with anti-Myc antibody. The in vitro-translated Sec8-Myc could be detected as coimmunoprecipitating with Arl13b-FLAG, and because the other subunits were not similarly expressed, we conclude that the interaction between Sec8 and this assay is further evidence of specificity for its association with Sec8 and Sec5.
To further test for the direct binding of Sec8 and Sec5 with Arl13b, we purified by affinity chromatography identical amounts of in vitro-translated Myc-tagged Sec8 or Sec5, using glyoxal agarose beads cross-linked to anti-Myc antibody. As a negative control, we used in vitro-translated Exo70-Myc, which, according to our results, does not interact directly with Arl13b ( Figure 2D ). We successfully eluted the Myc-tagged exocyst subunits, as shown in Supplemental Figure S2A . The purity was confirmed by silver staining (Supplemental Figure 2B ). Next we cross-linked anti-glutathione S-transferase (GST) antibody to the agarose beads and incubated with Arl13b-GST and then with identical amounts of purified Sec5-, Sec8-or Exo70-Myc, always in the presence of GTPγS. As a negative control, we used anti-GST-coupled beads incubated with purified Sec8 and anti-GST-coupled beads incubated with purified GST and then with purified exocyst subunits, also in the presence of GTPγS (Figure 3) . The eluted products were analyzed by immunoblotting with antiMyc or subjected to silver staining. The results confirm that Sec8 and Sec5 interact directly with Arl13b-GST, in contrast with Exo70, which is not detected in the eluted products. We detected a faint band in the negative control corresponding to Sec5 that likely represents nonspecific binding to the beads. Nevertheless, this band is much weaker than the band corresponding to Sec5 binding to Arl13b-GST. Of importance, the silver staining shows that equal amounts of Arl13b-GST were used in all conditions.
Arl13b and the exocyst colocalize in cilia and the periciliary region
To test whether the interaction between Arl13b and the exocyst could be related to ciliary functions, we used confocal microscopy to analyze the localization of different exocyst subunits, either staining endogenous levels with specific antibodies or overexpressing tagged forms. We observed Sec8 colocalizing with Arl13b along cilia in polarized Madin-Darby canine kidney cells (MDCKs; Figure  4 arl13b and sec10 interact synergistically in cilia-related phenotypes Because we found biochemical evidence linking Arl13b and the exocyst complex, both of which play crucial roles in development, we decided to analyze this interaction in vivo to investigate its effect on organ development. Because Sec8 depletion in mice causes FIGURE 2: Arl13b interacts with the exocyst through the Sec5 and Sec8 subunits. (A) Sec8-Myc and Arl13b-FLAG were in vitro-translated using TNT T7 coupled reticulocyte lysate system. Five percent of the TNT reaction was resolved by SDS-PAGE and analyzed by immunoblotting with Sec8, Myc, Arl13b, or FLAG antibodies. As a control, a TNT reaction without DNA as template was performed and subsequently used in the immunoprecipitations to distinguish the in vitro-translated from the endogenous protein present in the reticulocyte lysate. (B) Immunoprecipitation with FLAG antibody was performed using the in vitro-translated proteins in the presence of GTPγS. Immunoprecipitates (lane 1) were analyzed by immunoblot with Myc, Sec8, or FLAG antibodies. As a negative control, immunoprecipitations were performed with an irrelevant mouse IgG1 (IgG; lane 2). In addition, as a control, immunoprecipitation with FLAG antibody was performed using as input a mixture of a TNT reaction made without DNA and the in vitro-translated Arl13b-FLAG in the presence of GTPγS (lane 3). Asterisks indicate in vitro-translated Sec8-Myc, and the pound signs indicate endogenous Sec8. (C) Left, Myc-tagged Sec3, Sec5, Sec8, Sec15, and Exo70 exocyst subunits were in vitro translated using the TNT system. Five percent of the TNT reaction was resolved by SDS-PAGE and analyzed by immunoblotting with Myc antibody. Right, endogenous levels of Sec5, Sec8, and Exo70 present on 5% of the TNT reaction were analyzed by immunoblotting with specific antibodies for each subunit. (D) Immunoprecipitation with FLAG antibody was performed using the in vitro-translated proteins described in C, in the presence of GTPγS. Immunoprecipitates were analyzed by immunoblot with Myc antibody or silver staining. Negative controls (lanes 2, 5. and 8) were performed as in B. Results are representative of three independent experiments.
Arl13b and the exocyst function together in cilia-related processes during zebrafish development.
Conditional deletion of Arl13b in kidney results in increased organ size with large cysts
A hallmark of many ciliopathies is the presence of cystic kidneys. We know that Arl13b is important for kidney development in zebrafish, since the arl13b sco mutants display cystic kidneys (Sun et al., 2004; Duldulao et al., 2009) . Because mammals have a complex metanephric kidney compared with the zebrafish pronephros, we decided to explore whether Arl13b has a role in mammalian kidney development.
Because Arl13b hnn mice are embryonic lethal at day 13.5-14.5 (Caspary et al., 2007) , we analyzed Arl13b floxed//floxed (Arl13b
FL/FL
) mice crossed with a Nestin-Cre (Nes-Cre) strain, which is expressed in the nervous system and certain segments of the kidney tubules (Tronche et al., 1999; Dubois et al., 2006; Su et al., 2012) . At postnatal day 7 (P7), we found that the kidneys of Arl13b ;Nes-Cre mice originate from all segments of the nephron, which is consistent with the expression pattern of the Nestin-Cre driver ( Figure 6C ; Dubois et al., 2006) . Thus, our analysis of the kidneys from Arl13b FL/F ;Nes-Cre mice further supports the idea that Arl13b is important for the development of metanephric kidneys.
Conditional deletion of Arl13b inhibits ciliogenesis in the kidney and activates the mitogen-activated protein kinase and Hippo pathways
To determine whether Arl13b plays a role in the formation of renal primary cilia, we analyzed kidney sections for the presence of ciliary Arl13b. We identified cilia using antibodies against acetylated α-tubulin ( Figure 7A, arrows) . In the kidneys of Arl13b FL/FL ;Nes-Cre mice, there is a near absence of cilia in cells lining the cysts ( Figure  7A′ , arrowhead). In contrast, normal-appearing tubules, where Nestin-Cre is likely not expressed, display primary cilia positive for both Arl13b and acetylated tubulin ( Figure 7A, arrow) . Indeed, by quantifying the acetylated α-tubulin staining, we found a decrease in the number of cells displaying cilia in the cyst cells (10.6%) compared with unaffected cells (85.5%; Figure 7B ).
To determine which signaling pathways are activated after Arl13b depletion, we examined the mitogen-activated protein kinase (MAPK) pathway because it is known to be deregulated in cyst epithelium (Omori et al., 2006) and polycystic kidney disease (PKD), early embryonic lethality (Friedrich et al., 1997) and the Sec10 subunit is considered to be the core subunit of the exocyst complex (Roth et al., 1998; Zuo et al., 2009) , we decided to deplete both arl13b and sec10 using antisense morpholinos (MOs) in zebrafish.
The morphants for either arl13b/sco or the exocyst subunit sec10 lead to ciliary phenotypes already described (Sun et al., 2004; Duldulao et al., 2009; Fogelgren et al., 2011) . A synergistic genetic interaction usually reflects mutations in functionally related genes; it can be identified when the contribution of two mutations to the phenotype of a double mutant exceeds the additive effects of the individual mutations. We therefore injected sec10 or arl13b MOs at suboptimal doses that do not result in abnormal phenotypes on their own ( Figure 5 ). Whereas injections of arl13b MO at either 1 or 2 ng yield no significant changes in phenotype compared with dyeinjected controls, when we combined this with a suboptimal dose of 7.5 ng of sec10 MO, we observed a significant increase in the percentage of abnormal phenotypes. Similarly, injection of 7.5 ng of sec10 MO alone shows a weak effect (∼10% abnormal embryos), whereas we scored 22% abnormal embryos when we injected 1 ng of arl13b MO plus 7.5 ng of sec10 MO and 49.3% with the combination of 2 ng of arl13b MO with 7.5 ng of sec10 MO. Abnormal phenotypes resulting from coinjections of these MOs include curved tail, small eyes, and pericardial edema ( Figure 5 , A-H), which occur when there is impaired ciliary function (Kramer-Zucker et al., 2005; Fogelgren et al., 2011; Lee et al., 2012) .
Thus, as shown in the graph in Figure 5I , when we coinjected both MOs at suboptimal doses, we observed a striking synergistic effect on cilia-related phenotypes. These data further argue that FIGURE 3: Arl13b interacts directly with Sec5 and Sec8 exocyst subunits. Purified Myc-tagged, in vitro-translated Sec5, Sec8, or Exo70 was mixed with anti-GST-coupled agarose beads previously incubated with purified Arl13b-GST or GST. A negative control (NC) to detect nonspecific binding of exocyst subunits to the agarose beads was added, in which anti-GSTcoupled beads were directly incubated with purified Sec8-Myc protein. Eluted products were analyzed by SDS-PAGE, followed by immunoblotting for Myc tag or silver staining. The latter shows that identical amounts of purified Arl13b-GST were incubated in the different conditions. The membrane was previously probed with GST antibody to detect Arl13b-GST (arrowhead). Five percent of the purified proteins used in the assay was run in the input. Results are representative of at least two independent experiments.
Arl13b FL/FL
;Nes-Cre mice and compared them with levels in wild-type mice ( Figure  7C ). We observed an increase in pERK levels in the Arl13b FL/FL ;Nes-Cre mice, indicating that the MAPK signaling pathway is upregulated. We also evaluated the activation of another pathway that is frequently associated with cancer (Harvey et al., 2013) Conditional deletion of Sec10 in kidney epithelia results in a cystic kidney phenotype with decreased Arl13b expression
To further study in vivo the functional relationship between Arl13b and the exocyst in kidney development and homeostasis, we analyzed the kidneys of Sec10 conditional deletion mice. For this, we used our recently generated transgenic mouse line with a conditional floxed Sec10 allele (Sec10 FL/FL; Fogelgren et al., 2015; Polgar et al., 2015) . We crossed the floxed-Sec10 mice with the Ksp1.3-Cre strain, which expresses Cre recombinase in epithelial cells from distal and collecting tubules, derived from the ureteric bud (Shao et al., 2002) , resulting in offspring with a kidney-specific conditional deletion of Sec10 (Sec10 ;Ksp-Cre knockouts develop in utero bilateral ureter obstruction and die as newborns , the remaining animals can survive to adulthood. Kidneys from 10-wk-old Sec10 FL/FL control and Sec10
FL/FL
;Ksp-Cre conditional deletion animals were collected, and macroscopic changes in kidney appearance were readily observed in the knockout animals (Supplemental Figure S4A) . The adult Sec10 FL/FL ;Ksp-Cre kidneys have a variable phenotype, which ranges from a smaller fibrotic kidney with numerous smaller cysts to an enlarged kidney with much bigger cysts (Supplemental Figure S4B) . Kidneys from control littermates (Sec10 FL/FL ) always appear normal. A dramatic increase of smooth muscle actin in Sec10 conditional deletion kidneys was detected upon immunofluorescence staining (Supplemental Figure S4C ), confirming increased fibrogenesis. We previously measured significantly fewer renal cilia in Sec10-knockout tubules , and the cilia that remained were much shorter, with a stubby appearance. To determine whether Arl13b subcellular localization changes as a result of Sec10 deletion, leading in the latter case to aberrant cell proliferation (Lawrence et al., 2008) . We evaluated the levels of activated extracellular signal-regulated kinase (phosphorylated pERK), a key protein in the MAPK signaling cascade, in kidney lysates from P7 and P11 We show that Arl13b interacts with the exocyst complex in a GTPγS-sensitive manner, suggesting that the exocyst is a downstream effector of Arl13b in mammalian cells. We previously found that Arl13b regulates endocytic recycling traffic (Barral et al., 2012) , but a direct link between the role of Arl13b in endocytic recycling and its function in ciliogenesis has not yet been established. Several studies indicate the ERC can serve as a donor compartment for ciliarybound cargo (Nachury et al., 2010) . Moreover, the TGN and the ERC have been implicated in the trafficking of rhodopsin transport carriers to cilia-derived photoreceptor-rod outer segments in retinal cells, under the control of Rab11 and Arf4 (Mazelova et al., 2009a,b) . In addition, Rab11 and Rab8, together with the Rab guanine nucleotide exchange factor Rabin8, are recruited to the ciliary-bound post-TGN vesicular carriers, and, via interaction with the exocyst, ensure the tethering of these carriers to the periciliary plasma membrane (Knödler et al., 2010; Westlake et al., 2011; Feng et al., 2012; Wang et al., 2012) . Of interest, several subunits of the exocyst, such as Sec6, Sec8, and Sec10, have been localized to the cilium or the base of this organelle in mammalian cell lines (Rogers et al., 2004; Zuo et al., 2009; Babbey et al., 2010) . In addition, silencing of the Sec10 exocyst subunit leads to a decrease in primary ciliogenesis (Zuo et al., 2009; Fogelgren et al., 2011) . Here, we show that Sec5 localizes to both we analyzed these adult kidneys by immunostaining and confocal microscopy. In Sec10 FL/FL ;Ksp-Cre kidneys, Arl13b colocalizes with the primary cilia marker acetylated tubulin on the shortened cilia, similar to controls ( Figure 8A ). When overall Arl13b protein levels from total protein extracts of Sec10 FL/FL control and Sec10
;KspCre knockout kidneys were compared by immunoblotting, the latter show significantly lower protein expression ( Figure 8B ).
DISCUSSION
Arl13b was first identified as a regulator of cilia and kidney development in zebrafish (Sun et al., 2004) and subsequently studied for its role in cilia structure and Shh signaling in mice (Caspary et al., 2007; Duldulao et al., 2009; Larkins et al., 2011) . We now present evidence that Arl13b interacts with the exocyst via the Sec5 and Sec8 subunits. The exocyst is a hetero-octameric complex best known for its function in tethering and spatial targeting of exocytic vesicles to the plasma membrane. Because only the Sec10 and Sec15 exocyst subunits are known to exist in free pools in the cell, possibly forming a subcomplex in addition to their incorporation in the complex (Guo et al., 1999) , we propose that Arl13b interacts with the entire exocyst complex. This conclusion is supported by the coimmunoprecipitation of Sec8, Sec5, and Exo70 with Arl13b.
FIGURE 5: arl13b and sec10 interact synergistically in cilia-related phenotypes. (A-H) Gross phenotypes of zebrafish embryo morphants at 3 d postfertilization (dpf) (A-D) and 6 dpf (E-H), on lateral view, after injection of MOs for arl13b and/or sec10. A synergistic interaction resulting in small eyes (arrow), pericardial edema (asterisk), and tail curvature (arrowhead) was observed upon coinjection of suboptimal doses of 2 ng of arl13b MO plus 7.5 ng of sec10 MO at both 3 and 6 dpf (D and H, respectively), which do not result in an abnormal phenotype when injected alone (B, C, F, and G); n = 535. (I) Histogram showing quantification of the effect of MOs at 3 dpf. Coinjection of suboptimal doses of 2 ng of arl13b MO plus 7.5 ng of sec10 MO results in a significant increase in the percentage of abnormal phenotypes (*p < 0.001) compared with injection of the MO alone (2 ng of arl13b MO or 7.5 ng of sec10 MO). Scale bars, 1 mm. decreased ciliogenesis in kidney tubule epithelia. Taken together, these findings point to a model in which Arl13b regulates the trafficking of vesicles containing ciliary cargo from the ERC via binding to the exocyst and consequent incorporation of ciliary cargo into the ciliary membrane. Of interest, a similar role was proposed for Rab10, which colocalizes at the base of nascent cilia with exocyst subunits and forms a complex with Sec8 (Babbey et al., 2010) . In Caenorhabditis elegans, ARL-13 is required for proper targeting/retention of ciliary membrane proteins (Cevik et al., 2010) . In mice, Arl13b is needed for the normal distribution of the ciliary G protein-coupled receptor Smoothened and serotonin receptor 6 within cilia (Larkins et al., 2011; Higginbotham et al., 2012) . We also present evidence of a direct interaction between Arl13b and two different exocyst subunits, namely Sec5 and Sec8. The functional relevance of this bivalent GTP-dependent interaction remains to be determined, but it could have implications for the selection of cargo molecules, as is the case with Arf1, which interacts directly with multiple subunits of COPI or AP-1 (Yu et al., 2012) .
Kidney cyst formation is a hallmark of many ciliopathies. The characterization of several ciliary proteins, such as the nephronophthisis proteins, has been fundamental to understanding cystogenesis as a result of ciliary dysfunction (Hildebrandt et al., 2009; Gascue et al., 2011) . Arl13b was cloned as a novel cystic kidney gene named sco in zebrafish, and was found to be required for cilia formation in the kidney tubules in this organism (Sun et al., 2004; Duldulao et al., 2009) . We now report that postnatal deletion of mouse Arl13b in metanephric kidneys affects the formation of cilia and leads to activation of both the MAPK and Hippo pathways, as shown by the up-regulation of pERK and TAZ, respectively. Moreover, the cysts observed in Arl13b FL/FL ;Nes-Cre mice are consistent with a PKD-like phenotype. We also show that the conditional deletion of Sec10 in adult mouse metanephric kidneys causes a similar PKD-like phenotype, characterized by cystic kidneys with decreased ciliogenesis in epithelia. Thus, we propose that depletion of Arl13b or the exocyst, by impairing cilia formation, leads to cyst formation in metanephric kidneys. Of interest, we observed that Arl13b expression is decreased in Sec10 conditional knockout mouse kidneys, suggesting that the exocyst is required for the stability of Arl13b. Alternatively, the absence of cilia could lead to a decreased expression or stability of Arl13b.
Whereas Joubert syndrome-related disorders can be associated with renal defects, and mice lacking Arl13b in kidneys display renal cysts (our data shown here), patients identified with ARL13B mutations have no kidney anomalies, although it is possible that they may develop renal abnormalities later in life cilia and the periciliary region and Exo70 and Exo84 to the periciliary region. Note that, contrary to polarized MDCK cells, Sec8 and Sec5 are not found in all Arl13b-positive cilia of RPE1 and NIH-3T3 cells, respectively. This could be explained by the timing of ciliogenesis, since the cells were not synchronized. Although the cells were starved at the same time to induce ciliation, the absence of synchronization implies that cilia formation occurs at different times. This could lead to a difference in the localization of the exocyst subunits, especially if the complex participates in cilia formation. Thus, on the basis of these findings, we hypothesized that the interaction of Arl13b with the exocyst would have implications for ciliogenesis. To test our hypothesis, we performed functional studies in zebrafish arl13b/sec10 double-morphant embryos, which revealed a synergistic genetic interaction between Arl13b and Sec10 on cilia-related phenotypes. Moreover, we found that the conditional deletion of Arl13b or Sec10 in mouse kidneys leads to a similar phenotype, with kidney cysts and 
MATERIALS AND METHODS
Cell culture and transfection
HeLa cells were cultured at 37ºC and 5% CO 2 , in DMEM (Invitrogen, Paisley, UK) supplemented with 10% fetal bovine serum (FBS; Invitrogen), 100 U/ml penicillin G, 100 μg/ml streptomycin, 2 mM lglutamine, and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Invitrogen). NIH-3T3 cells were maintained in the same conditions and medium but supplemented with 10% bovine calf serum (Sigma-Aldrich, St. Louis, MO). Murine IMCD3 and human RPE1 cells were cultured in DMEM:F-12 supplemented with 10% FBS, 100 U/ml penicillin G, 100 μg/ml streptomycin, 2 mM l-glutamine, and 20 mM HEPES (Invitrogen). To stimulate ciliogenesis, NIH-3T3 cells were serum-starved for 24 h in 0.5% bovine serum albumin (BSA)-containing medium, and RPE1 and IMCD3 cells were serum-starved for 48 h in 0.2% FBS-containing medium. Transfections were performed using Lipofectamine 2000 (Invitrogen) for RPE1 or Turbofect (Thermo Scientific, Waltham, MA) for NIH-3T3 according to the manufacturer's instructions and processed for immunofluorescence after 24 h.
Zebrafish injections and morpholino knockdown
Embryos were injected at the one-to four-cell stage, and morpholinos were diluted with phenol red tracer (Sigma-Aldrich) at 0.05% (Cantagrel et al., 2008) . Alternatively, the nature of the alleles may explain the difference; the patient mutations are point mutations and so are likely hypomorphic alleles, whereas the mouse Arl13b conditional deletion leads to a protein-null allele. Similarly, the mutation in Exo84 that was reported in a Joubert syndrome patient does not involve renal defects. We speculate that if mutations in both Arl13b and a subunit of the exocyst occurred simultaneously, the patients would exhibit a more severe phenotype likely involving renal defects, similar to the zebrafish double morphants. In addition, as with other small G proteins, Arl13b is likely to possess multiple effectors whose interaction may be disrupted by mutations in distinct residues of the GTP-binding domain (Joneson et al., 1996; Kuai and Kahn, 2000) . Indeed, we have shown that Arl13b also interacts with the nonmuscle myosin heavy chain IIA (Casalou et al., 2014) . Thus the patient mutations identified may disrupt effectors unrelated to the kidney phenotypes caused by the absence of Arl13b protein. This means that distinct mutations in ARL13B may lead to distinct constellations of Joubert syndrome-related phenotypes or other ciliopathies.
In conclusion, our study reveals a novel effector of Arl13b-the exocyst-and suggests that these proteins function in the same pathway that is required for proper ciliogenesis. ;Nes-Cre mice were analyzed at P7 and P11. Results are representative of four independent experiments. Scale bars, 10 μm.
membrane. The membranes were subjected to immunoblotting, followed by immunodetection using an Amersham Bioscience ECL Detection Kit. Protein extracts from kidneys of 10-wk-old Sec10 FL/FL ;Ksp-Cre knockout and Sec10 FL/FL control mice were prepared similarly to the Arl13b-depleted kidneys. The samples were separated on SDS-PAGE and then transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were subjected to standard immunoblotting, and immunodetection and quantification of band intensities were performed using an Odyssey CLx Infrared Imaging System from LI-COR Biosciences.
Immunofluorescence
Immunostaining of MDCK cells grown on Transwell filters was performed as previously described (Zuo et al., 2009) , except that the cells were fixed with 4% paraformaldehyde for 15 min at 37ºC. The NIH-3T3 and RPE1 cells were fixed with 4% paraformaldehyde on ice at 4ºC for 30 min and then incubated with primary antibodies diluted in phosphate-buffered saline (PBS) with 0.1% Triton and 1 mg/ml BSA for 1 h at room temperature. Secondary antibodies were incubated in PBS with 1 mg/ml BSA for 30 min at room temperature. Coverslips were mounted in mounting medium (15% [wt/vol] Vinol 205, 33% [vol/vol] glycerol, 0.1% azide in PBS) and analyzed in a Zeiss LSM 710 confocal microscope equipped with a Plan-Apochromat 63/1.40 Oil Ph3 lens. final concentration and injected at 500 pl or 1 nl/embryo. The arl13bAUG morpholino (arl13b MO) was a kind gift of Zhaoxia Sun (Yale University School of Medicine, New Haven, CT) and was used to block the translation of arl13b (Sun et al., 2004) . Sec10e2i2 morpholino (Sec10 MO) was designed to target the exon 2/intron 2 boundary and was described previously . Morpholinos were injected either as single doses of 1 or 2 ng of arl13b MO and 7.5 ng of sec10 MO or a combined dose of 1 or 2 ng of arl13b MO plus 7.5 ng of sec10 MO (designated in the text as "1 or 2 ng of arl13b MO plus 7.5 ng of sec10 MO") per embryo. As a control, uninjected or phenol red tracer-injected embryos were analyzed at the same stage. Embryos were imaged using a Leica M205C Light Microscope. Images were captured in TIFF format and processed in Adobe Photoshop CS5.1.
Immunoblotting of mouse kidney lysates
Kidneys from control mice or mice with conditional deletion of Arl13b at day 7 or 11 after birth were homogenized in RIPA buffer (Sigma-Aldrich) containing protease and phosphatase inhibitors, and the lysates were centrifuged at 12,000 × g for 20 min at 4°C. Supernatants were collected and protein concentration was determined using the bicinchoninic acid protein assay (Thermo Scientific). The protein samples were loaded onto NuPage 4-12% Bis-Tris gels (Thermo Scientific) and then transferred to a nitrocellulose lysis buffer (150 mM NaCl). Immunoprecipitates were finally resuspended in Laemmli sample buffer, boiled at 95ºC for 5 min, and resolved by 8% SDS-PAGE, followed by transfer to nitrocellulose membrane and immunoblotting with anti-Arl13b, -Sec8, or -Exo70 antibodies. In the same blot, 5% of the input was resolved by SDS-PAGE and analyzed by immunoblotting.
Affinity coupling of agarose beads and purification of exocyst subunits
The in vitro-translated (IVT) Myc-tagged Sec5, Sec8, and Exo70 proteins were purified by affinity chromatography. For this, 50 μg of goat anti-Myc antibody (Sicgen, Carcavelos, Portugal) was coupled to 100 μl of high-density glyoxal agarose beads (ABT, Madrid, Spain) in sodium bicarbonate buffer, pH 10, overnight at 4ºC in a rolling shaker. The binding between the beads and the antibody was stabilized by sodium borohydrate for 30 min at room temperature. Then, anti-Myc-coupled beads were subjected to quenching for 1 h at room temperature with 1 M Tris HCl, pH 7.4. Next, antibody-coupled beads were washed twice with 1 M NaCl and again with 25 mM phosphate buffer, pH 7.4. For each exocyst subunit, 200 μl of the IVT reaction was incubated with 100 μl of anti-Myccoupled beads in immunoprecipitation buffer (50 mM Tris-HCl, pH 7.4, 1% IGEPAL, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2 mM MgCl 2 , 1 mM DTT) in the presence of EDTA-free protease and phosphatase inhibitors. Samples were incubated overnight at 4ºC in a rolling shaker. Afterward, beads were recovered by centrifugation, washed twice with immunoprecipitation buffer with high salt concentration (500 mM NaCl), and then washed twice with immunoprecipitation buffer. Elution was performed with 0.2 M glycine, pH 2.5, followed by neutralization with 1 M Tris HCl, pH 10. The eluted products were analyzed by SDS-PAGE, followed by immunoblotting with anti-Myc or silver staining.
Purification of murine Arl13b-GST
The complete murine Arl13b open reading frame, encoding a protein of 427 residues, was amplified by PCR using primers that introduced KpnI and SphI restriction sites at the 5′ and 3′ ends, respectively, to facilitate subcloning into the pLEXm-GST vector (a generous gift of James Hurley, National Institutes of Health, Bethesda, MD). The pLEXm-GST-ARL13B open reading frame sequence was confirmed, matching NM_026577.3. Human embryonic kidney 293T cells were grown in 10-cm plates in DMEM (GIBCO, Carlsbad, CA) supplemented with 10% FBS (Atlanta Biologicals, Flowery Branch, GA) at 37°C in a humidified environment gassed with 5% CO 2 . When the cells reached ∼90% confluence, the medium was switched to DMEM with 2% FBS, and cells were transfected with 1 μg of DNA and 3 μg of polyethyleneimine (PEI Max; Polysciences, Warrington, PA)/ml medium. Cells were harvested 48 h after transfection, pelleted by centrifugation at 2000 × g, frozen in liquid nitrogen, and stored at −80°C until used for protein purification. Cells were thawed on ice and lysed in five volumes of lysis buffer (50 mM HEPES, pH 7.4, 100 mM NaCl, and 1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate with protease inhibitor cocktail [Sigma-Aldrich] and 10 μg/ml deoxyribonuclease I [Sigma-Aldrich]). The cells were maintained on ice for 30 min before cell debris was removed by centrifugation at 12,000 × g for 10 min at 4°C. The GST-ARL13B was purified by addition of 500 μl of glutathione-Sepharose 4B beads (GE Healthcare, Chalfont St. Giles, UK) to 120 mg of protein lysate and incubated at 4°C for 2 h. The beads were washed three times with five column volumes of lysis buffer. Protein was eluted from the beads with three column volumes of elution buffer (25 mM HEPES, pH 7.4, 100 mM NaCl, and 10 mM
Antibodies
The antibodies used in immunoblotting were mouse anti-Myc clone 9E10 (Millipore, Darmstadt, Germany), mouse anti-Sec10 (Zuo et al., 2009) , mouse anti-rSec8 (Enzo Life Sciences, East Farmingdale, NY), mouse anti-Exo70 (Millipore), rabbit anti-Sec5 (NovusBio, Cambridge, UK), rabbit anti-Arl13b (Proteintech, Chicago, IL), goat anti-Arl13b (Santa Cruz Biotechnology, Paso Robles, CA), anti-β-actin (Cell Signaling, Beverly, MA), mouse anti-FLAG M2 (Sigma-Aldrich), rabbit anti-TAZ (Cell Signaling), rabbit anti-phospho-ERK1/2 (Cell Signaling), rabbit anti-total ERK1/2 (Cell Signaling), mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Sigma-Aldrich), mouse anti-acetylated α-tubulin (Sigma-Aldrich), and affinity-purified rabbit anti-Arl13b (Barral et al., 2012) . Mouse and rabbit IgG (Sigma-Aldrich) were used as IgG controls in the immunoprecipitations. For immunofluorescence of Arl13b-depleted kidney sections, rabbit anti-Arl13b (Caspary et al., 2007) and mouse anti-acetylated α-tubulin (SigmaAldrich) were used with Cy2-or Cy3-conjugated anti-rabbit or antimouse secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA). Sec10-depleted kidneys were stained with mouse anti-α-smooth muscle actin (Sigma-Aldrich) and rabbit anti-E-cadherin (Cell Signaling) with, respectively, DyLight 594 anti-mouse and DyLight 488 anti-rabbit secondary antibodies (Vector Laboratories, Burlingame, CA).
In vitro translation
Myc-tagged Sec3, Sec5, Sec8, and Exo70 were generated from fulllength rat cDNA cloned into pGBKT7 as described previously . Arl13b-FLAG was generated from full-length mouse Arl13b cDNA cloned into pcDNA3.1 and FLAG-tagged at the C-terminus (Barral et al., 2012) . Two micrograms of each plasmid was used per reaction of the TNT T7-coupled in vitro transcription and translation rabbit reticulocyte lysate system (Promega, Madison, WI), following the manufacturer's instructions. The reaction was performed at 25ºC for 90 min. The efficiency of the production was evaluated running ∼5% of the final volume in SDS-PAGE, followed by transfer to a nitrocellulose membrane and immunoblotting with anti-FLAG, Myc, Arl13b, Sec8, Sec5, or Exo70 antibodies. As a negative control, a reaction without DNA template was performed in the same conditions. The analysis of this control in SDS-PAGE, followed by immunoblotting, was taken as an indication of the endogenous expression levels of the different proteins in the rabbit reticulocyte lysates.
Immunoprecipitation
Cells were lysed in cold lysis buffer (50 mM Tris-HCl, pH 7.4, 1% IGEPAL, 150 mM NaCl, 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid [EGTA], 2 mM MgCl 2 , 1 mM dithiothreitol [DTT] ) in the presence of EDTA-free protease and phosphatase inhibitors for 20 min on ice, followed by centrifugation at 12,000 × g for 20 min at 4ºC. Protein concentration in total cell lysates was determined using the DC protein assay kit (Bio-Rad, Hercules, CA). For immunoprecipitation, cell lysates (1 mg of protein) were precleared for 1 h with protein G-Sepharose beads (Sigma-Aldrich). GTPγS (0.5 mM; Sigma-Aldrich) or GDP (5 mM; Sigma-Aldrich) was added to the precleared lysates for 15 min at room temperature before immunoprecipitations using 2 μg of anti-Sec8 (Enzo Life Sciences), 3 μg of affinity-purified rabbit polyclonal anti-Arl13b (Barral et al., 2012) , 3 μg of anti-FLAG (Sigma-Aldrich), or equal amounts of isotype control IgG for 16 h at 4ºC with rotation. Protein G-Sepharose beads were then added and mixed for 5 h at 4ºC before being recovered by centrifugation and washed once with lysis buffer with high salt concentration (500 mM NaCl) and then three times with and chi-square testing were used to compare the proportion of abnormal phenotypes across groups. Confidence intervals and p values were adjusted for within-trial correlation by clustering at the trial level, and robust SE estimation was generated. These tests were performed using Stata software, version 12.1 (Stata, College Station, TX). For comparison of means, the Student's t test was performed using SPSS software (version 15.0). For all tests, p < 0.05 was considered statistically significant.
Animal studies
All zebrafish experiments were approved by the Institutional Animal Care and Use Committees at the University of Pennsylvania, the Medical University of South Carolina, and the Philadelphia and Charleston Veterans Affairs Medical Center. All mouse work was performed under the approved guidelines of the Emory University Institutional Animal Care and Use Committee and the University of Hawaii. glutathione). Eluates were pooled and concentrated using an Amicon spin concentrating unit with a 50-kDa cutoff, with repeated dilution and concentration to remove glutathione and a human embryonic kidney 293T cell contaminant of ∼20 kDa.
Direct interaction assay
Anti-GST-coupled glyoxal agarose beads (ABT) were prepared as described (see Affinity coupling of agarose beads and purification of exocyst subunits), incubating per sample 50 μg of goat anti-GST antibody (Sicgen) with 100 μl of agarose beads (ABT). Five micrograms of purified Arl13b-GST was mixed with 100 μl of anti-GST coupled beads in immunoprecipitation buffer (50 mM Tris-HCl, pH 7.4, 1% IGEPAL, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2 mM MgCl 2 , 1 mM DTT, and EDTA-free protease and phosphatase inhibitor) in the presence of GTPγS (0.5 mM; Sigma-Aldrich) at 4ºC overnight under constant rolling. Unbound protein was removed by washing the beads twice with immunoprecipitation buffer with high salt concentration (500 mM NaCl) and then twice with immunoprecipitation buffer. Then, pelleted beads were ressuspended to 1 ml of final volume with immunoprecipitation buffer, and identical amounts of purified exocyst subunits were added to each sample and incubated overnight at 4ºC under roller shaking, also in the presence of GTPγS. Next, beads were washed as previously and recovered by centrifugation at 12,000 × g for 5 min. Beads were resuspended in Laemmli sample buffer and boiled at 95ºC for 5 min and the immunoprecipitated products resolved by 8% SDS-PAGE, followed by transfer to PVDF membrane and immunoblotting with anti-Myc antibody or silver staining. In the same blot, 5% of the input was resolved by SDS-PAGE and analyzed either by immunoblotting or silver staining.
Immunohistochemistry and immunofluorescence on kidney sections
For immunohistochemistry, the sections were deparaffinized, and epitope retrieval was performed by heating the sections at 95°C in 10 mM sodium citrate buffer, pH 6.0, for 10 min. After treatment in 0.5% hydrogen peroxide for 5 min at room temperature, the sections were blocked with a streptavidin/biotin blocking kit (SP-2002; Vector Laboratories) and incubated for 30 min with the VECTA-STAIN Elite ABC kit (PK-6101 and PK-6102; Vector Laboratories) according to the manufacturer's instructions and counterstained with hematoxylin. Sections were stained with biotinylated LTA, PNA, and DBA (all from Vector Laboratories). For immunofluorescence staining, sections were fixed with 4% paraformaldehyde and paraffin embedded, then dewaxed, rehydrated in graded ethanol, and retrieved with 10 mM sodium citrate, pH 6.0. Sections were blocked in PBS containing 5% donkey serum and then incubated with the primary antibodies in blocking solution overnight at 4ºC. After being washed, samples were incubated with the secondary antibodies in the same solution for 1 h at room temperature. 4′,6-Diamidino-2-phenylindole (DAPI) was used to stain nuclei. Coverslips were mounted in KPL mounting medium. Samples were imaged in an Olympus BX42 or a Zeiss Axio Observer D1m microscope. Images were captured in TIFF format and processed in the Adobe Photoshop CS5.1. Sec10 conditional knockout and control kidneys were analyzed with an Olympus BX41 microscope, using epifluorescence. For detailed analysis of primary cilia, kidney sections were imaged using an Olympus Fluoview1000 confocal microscope.
Statistical analysis
Phenotypes for the epistasis experiments were classified as abnormal after morpholino injection by the presence of any combination of pericardial edema, curly tails, and small eyes. Logistic regression
